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We bave investigated the expression of vascular
adbesion molecules during the first stage of
chronic inflammation in experimental autoim-
mune encepbalomyelitis in the SJL/J] mouse. Im-
munocytochemical analysis of frozen sections of
inflamed versus noninflamed brains and spinal
cords showed that the vascular endothelium in
brains and spinal cords from diseased animals
expressed bigh levels of vascular cell adbesion
molecule-1 (VCAM-1) and intercellular adbesion
molecule-1 (ICAM-1) but no detectable mucosal
addressin or peripberal lymph node addressin.
In frozen section assays, anti-a4 integrin and
anti-VCAM-1 monoclonal antibodies inbibited
binding of mouse peripberal lympbocytes to in-
Sflamed brains at both 4 C and 20 C. Anti-
ympbocyte function-associated antigen-1 and
anti-ICAM-1 monoclonal antibodies inbibited
binding of mouse peripberal lympbocytes to in-
Slamed brains at 20 C. These results are consistent
with an important role for the vascular adbesion
molecules VCAM-1 and ICAM-1 and for their lym-
Pphocyte receptors in lympbocyte recruitment to

the central nervous system. (Am J Pathol 1994,
145:189-201)

Mechanisms of leukocyte recruitment to the central
nervous system (CNS) during inflammation are poorly
understood. In the intact CNS, endothelial cells form

the blood-brain barrier (BBB), a tightly intercon-
nected cellular monolayer that strictly controls the
free exchange of solute and molecules between the
blood and the neuropil. Because of the existence of
the BBB and the lack of lymphatic vessels within the
CNS, the CNS of mammals has been considered to
be an immunologically privileged site." It has been
assumed, for example, that the BBB forms an effec-
tive barrier for blood cells.2* In contrast to the
immune-privileged status of the normal CNS, in hu-
man diseases like multiple sclerosis and postinfec-
tious encephalomyelitis and in experimental models
of inflammatory diseases of the CNS, immune cells
readily gain access to and can be detected in the
CNS parenchyma. Contact between the circulating
immune cells and the BBB endothelium can be as-
sumed to be the first step leading to CNS invasion.
Because the CNS vasculature is structurally unique,
itis likely that the inflammatory infiltrate is in part con-
trolled by the induction or upregulation of expression
of specific cell adhesion molecules (CAMs) on the
activated BBB endothelium.

To explore the vascular mechanisms involved in
CNS inflammation, we chose to study experimental
autoimmune encephalomyelitis (EAE) in the SJL/J
mouse, a model that has been well characterized im-
munologically, clinically, and pathologically.>® EAE is
an inflammatory demyelinating disease of the central
nervous system. Because of its histopathological and
clinical characteristics it is considered to be the pro-
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totypical model for inflammatory demyelinating dis-
eases of the human CNS such as multiple sclero-
sis.”®° One target autoantigen in EAE is myelin basic
protein (MBP), a structural protein of the CNS myelin
sheath.'® EAE is mediated by activated MBP-specific
CD4+ T cells.’ These autoaggressive CD4* T lym-
phocytes are responsible for the cellular events lead-
ing to edema, inflammation, and demyelination within
the CNS white matter.6-° However, labeling studies
have shown that the MBP-specific CD4* T cells com-
prise only a minority of the chronic inflammatory in-
filtrate in the CNS, 215 suggesting that most inflam-
matory cells are recruited in an antigen-independent
way during the inflammatory response. Recent stud-
ies therefore focus on the investigation of CAMs that
mediate the interaction between circulating cells and
the cerebral endothelium.

Intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1), both
members of the immunoglobulin gene superfamily,
have been implicated in the adhesion of inflammatory
cells to inflamed endothelium.’®-'® Mucosal ad-
dressin (MAdCAM-1), a member of the same family,
mediates selective homing of lymphocytes to the
mucosal-associated lymphoid tissue.'® The expres-
sion of all three molecules can be induced in vitroand
in vivo by stimulation with an overlapping array of pro-
inflammatory cytokines such as interleukin-1 (IL-1) tu-
mor necrosis factor-a, interferon-y and bacterial
endotoxin (LPS) (reviewed in refs. 20, 21). ICAM-1
mediates adhesion of leukocytes to endothelium via
their B2-integrin lymphocyte function-associated
antigen-1 (LFA-1), and of monocytes and neutrophils
via Mac-1.22 VCAM-1 can mediate the adhesion of
mononuclear cells to endothelium via two ligands of
the integrin family, namely the a4B1-integrin (VLA-4)
expressed on lymphocytes, monocytes, and eosi-
nophils, 23 and activated a4 B7-integrin, expressed on
gut-tropic lymphocytes. %24 In its resting stage a4B7-
integrin is a ligand for the mucosal addressin
MAJCAM-1."° A role for a4-integrins in homing to the
CNS has been implicated in EAE by recent stud-
ies.25-26 Whereas VCAM-1 seems to be a likely endo-
thelial ligand during initiation of EAE,2® the nature of
the vascular ligand during the first clinical episode
has not been clearly defined.25:2¢ Additionally, there
is some evidence that ICAM-1 probably expressed on
the encephalitogenic T cell might play a role in the
development of EAE.26-27 MAdCAM-1 expression has
only been reported at established sites of inflamma-
tion in the CNS during the chronic relapsing phase of
EAE.28 A functional role of MAACAM-1, however, has
not been demonstrated.

The present study was undertaken to examine the
expression and function of vascular cell adhesion
molecules for leukocytes in the central nervous sys-
tem (CNS) during the first clinical episode of experi-
mental autoimmune encephalomyelitis in the SJL/J
mouse. The expression of CAMs in the CNS was in-
vestigated by immunostaining frozen sections of
brains and spinal cords of SJL/J mice afflicted with
EAE. We used monocional antibodies (MAbs) di-
rected against a wide variety of endothelial and leu-
kocyte CAMs that have been shown previously to play
a role in leukocyte recruitment to different organs.

By performing adhesion assays on frozen sections
of brains the functional importance of these CAMs for
the recruitment of inflammatory cells to the CNS was
further investigated.

Materials and Methods
Mice

Female SJL/J mice were obtained from Jackson
Laboratories (Bar Harbor, ME) between 5 to 10 weeks
of age. Female BALB/c mice were obtained from the
breeding facility of the Palo Alto Veterans Adminis-
tration Medical Center Animal Research Facility. Mice
were maintained at the animal research facility.

Induction of EAE

Active EAE (aEAE) was induced by immunizing SJL/J
mice with different doses (2.5 mg, 5.0 mg, 10.0 mg
and 25.0 mg) of spinal cord homogenate from syn-
geneic mice in complete Freund’s adjuvant (CFA)
(GIBCO BRL, Grand Island, NY), containing 6 mg/ml
Mycobacterium tuberculosis H37Ra and 10 mg/mi M.
butyricum (Difco Laboratories, Detroit, MI) into hind
footpads. 3 X 10° organisms of heat-killed Bordetella
pertussis (kindly provided by Dr. David Relman, Stan-
ford University) were injected in 0.5 ml of phosphate-
buffered saline (PBS) on days 1 and 3 after immuni-
zation. For passive transfer of EAE (tEAE), donor
SJLMJ mice were immunized with 50 ug guinea pig
myelin basic protein (gpMBP) in CFA into the hind
footpads. Draining lymph nodes were removed 10
days later. A lymph node cell suspension was pre-
pared and cultured (1 X 107 cells/ml) in RPMI 1640
(Applied Scientific, San Francisco, CA) supple-
mented with 10% fetal calf serum, penicillin G (100
U/ml), streptomycin (100 mg/mi), L-glutamine (2
mmol/L), sodium pyruvate (100 mmol/L), nonessen-
tial amino acids (1%) (all additives Applied Scientific),
B-mercaptoethanol (2, 5 X 10°° M, Sigma Chemical
Co., St. Louis MO), and gpMBP at 10 pg/ml. Cells



were cultured for 4 days at 37 C and 10% CO,. For
adoptive transfer of EAE cells were washed, and cell
number and viability were assessed by trypan blue
exclusion. Between 2 and 5 X 107 viable cells in
Hank’s balanced salt solution (HBSS, Applied Scien-
tific) were injected into a tail vein of a syngeneic re-
cipient animal. Animals were checked daily for signs
of clinical disease. Animals were sacrificed when they
exhibited a clinical score of either 1 (limp tail) or 2
(hindleg weakness). Clinical disease occurred ap-
proximately 21 days after immunization with spinal
cord homogenate and 14 days after transfer of
gpMBP-stimulated cells.

Monoclonal Antibodies

The following rat hybridomas were obtained from
American Type Culture Collection (Rockville, MD):
30G.12 (anti-murine CD45), GK1.5 (anti-murine
CD4), Lyt-2 (anti-murine CD8), M1/70 (anti-murine
CD11b), FD441.8 (anti-murine CD11a). The rat hy-
bridomas RA3-6B2 (anti-murine CD45R, Ly5) and
RAB-8C5 (anti-murine granulocyte) were a generous
gift from Dr. B. Coffman, DNAX, Palo Alto, CA. The rat
hybridoma R1.2 (anti-murine CD49d) was kindly pro-
vided by Dr. I. Weissman (Stanford, CA),%® and YN1/
1.7 (anti-murine ICAM-1) was a generous gift of Dr. F.
Takei (Vancouver, British Columbia, Canada). Rat
MAbs PS/2 (anti-murine CD49d), MK2.7 and MK1.9
(anti-murine VCAM-1) were generously provided by
Dr. PW. Kincade (Oklahoma City, OK).30:31 MK2.7 in-
hibits a4-integrin mediated adhesion to VCAM-1,
whereas MK1.9 does not. 23G.2 (anti-murine
CD45RB) was a gift from Dr. E. Pure (Dallas, TX).22
EA-1 (anti-murine a6-integrin) was received from Dr.
B. Imhof (Basel, Switzerland).®® M290 (anti-murine
aE-integrin),34 M301 and M298 (anti-murine B7-inte-
grin)3® were a gift from Dr. P. Kilshaw (Cambridge,
England). HP2/1 (anti-human CD49d) was kindly pro-
vided by Dr. F. Sanchez-Madrid, Madrid, Spain).3¢
6.5E (anti-human CD18), MJ 64 (anti-murine CD44),
Mel-14 (anti-murine L-selectin),3” MECA-79 (anti-
murine peripheral lymph node addressin),3® MECA-
367, MECA-89 (both anti-murine mucosal addressin,
MAdCAM-1),3° LS 722 (anti-murine B7-integrin,2
Fib22 (anti-murine B7-integrin), (Andrew et al., sub-
mitted), DATK 32 (anti-murine a487),° MECA-325
(anti-murine high endothelial venules),*' MJ 7/18
(anti-murine endoglin, Ge A, and Butcher EC, sub-
mitted), and Hermes-1 (anti-human CD 44, used as
an isotype-matched control),%2 were raised in our own
laboratory.
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Cell Lines

The T lymphoma cell line Jurkat (human acute T cell
leukemia) was a gift from Dr. Ted Yednock (Athena
Neurosciences, South San Francisco, CA). The hu-
man monocyte cell line U937 was obtained from
American Type Culture Collection. T lymphoma cell
line TK1 (AKR mouse T cell lymphoma)*® was a gen-
erous gift from Dr. |. Weissman. Mouse mesenteric
and peripheral lymph node cells were isolated from
naive BALB/c mice. Activated mouse peripheral
lymph node cells were obtained from draining lymph
nodes of BALB/c mice immunized with 50 pl CFA in
the footpads 10 days before use.

Immunocytochemistry

At signs of clinical disease, animals were anesthe-
tized using Methoxyflurane anesthesia (Metofane,
Pitman Moore, Denver, CO), and were perfused with
1% paraformaldehyde in PBS through the left ven-
tricle of the heart. Spinal cord and brain were re-
moved, embedded in Tissue-tec ornithine car-
bamoyltransferase (OCT, Miles, Inc., Elkhart, IN),
and snap-frozen in a 2-methylbutane (EM Science,
Gibbstown, NJ) bath at —-80 C. Cryostat sections (6
M) were air-dried overnight, acetone-fixed, and
stained using a three-step immunoperoxidase tech-
nique. Sections were incubated sequentially with
primary MAbs, biotinylated secondary goat-anti-rat
IgG (Kirkegaard & Perry Labs, Gaithersburg, MD),
and horseradish peroxidase-conjugated Streptavi-
din (Kirkegaard & Perry Labs) for 30 minutes each
step in a humidified chamber, with PBS washes in
between the single steps. Sections were developed
with 0.07% amino-ethylcarbazol (AEC, Sigma) and
0.009% hydrogen peroxide in 0.01 mol/L acetate
buffer (pH 5.2) for 10 minutes. Sections were coun-
terstained with Hematoxylin and Eosin (Gill's formula,
Fisher Scientific, Fair Lawn, NJ), coverslipped with
Aguamount (Lerner Laboratories, Philadelphia, PA),
and immediately analyzed.

Adhesion Assays

Animals were anesthetized using Methoxyflurane an-
esthesia (Metofane, Pitman Moore). Brain tissue was
removed, embedded in OCT (Miles, Inc.) and snap-
frozen in a 2-methylbutane (EM Science, Gibbstown,
NJ) bath at -80 C. Cryostat sections (10 p) were air-
dried for 1 hour. Frozen-section assays have been
established by Stamper and Woodruff.44 Several
modifications were made to their original protocol in
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order to conduct frozen-section assays on brain sec-
tions. Cells or sections were preincubated with 10
pug/ml MAb in Dulbecco’s modified Eagle’s medium,
25 mmol/L HEPES (Sigma) and supplemented with
5% bovine calf serum for 20 minutes at 4 C or for 10
minutes at 20 C. Sections were co-incubated with 1
X 10% T lymphoma cells or 5 X 10 mouse lympho-
cytes in 100 pl for 30 minutes at 4 C under shear or
with 3 X 10 mouse lymphocytes in 100 pl for 20 min-
utes at 20 C under shear.

Naive SJL/J brain sections were used as controls.
Assays were fixed in 2.5% glutaraldehyde in PBS
for 2 hours. The sections were washed twice in
PBS, stained with toluidine blue, and immediately
observed.

Because of the high quality of the frozen sections
necessary for these adhesion assays, it was not pos-
sible to perform each assay on serial brain sections.
We therefore performed a semiquantitative analysis
of these assays, according to the following method.
Control sections had to meet a minimum requirement
of at least five vessels with five to seven bound cells/
vessel; otherwise the entire assay was not scored.
Assays were repeated until a minimum of five assays
could be scored for each cell type at each tempera-
ture. Each assay was additionally evaluated by a
blinded observer. Within one scored assay, sections
were assigned to three categories depending on the
number of vessels present in the section, and the
number of bound cells per vessel relative to the con-
trol preparation: (+) or no inhibition, (+/-) or partial
inhibition, and (-) or complete inhibition. Results rep-
resent the summary of at least five assays per de-
scribed condition.

Results

Localization and Phenotype of Cellular
Infiltrate

Inflammatory cells (ICs) were identified in frozen sec-
tions of brain and spinal cord tissue by staining with
the MAb 30G.12, an anti-mouse CD45. No CD45+
cells could be demonstrated in the CNS parenchyma
of control mice. Scattered perivascular cells, prob-
ably perivascular microglial cells, stained faintly with
30G.12. In sections of spinal cords and brains of dis-
eased animals, massive infiltrates of CD45* cells
were present (Figure 1). ICs accumulated around
venules in the CNS white matter forming inflammatory
cuffs, one of the characteristic histopathological fea-
tures of EAE. Brain parenchymal infiltrates were found
primarily in periventricular regions. Immunocyto-

b

Figure 1. Inflammatory cell infiltrate in the CNS. Spinal cord of con-
trol (&) and tEAE mouse (b). Immunoperoxidase staining with MAb
30G.12; bematoxylin-eosin counterstain; X 40.

chemical characterization of the IC phenotype
showed predominant CD4* T-cell and CD11b™*
macrophage populations stained brightly by MAb GK
1.5 and MAb M1/70, respectively. Few CD8* T cells
and few B cells were detected in the infiltrate within
the CNS parenchyma.

Neutrophils were characterized by intense RB6-
8C5 staining and were observed primarily in menin-
geal infiltrates and rarely in the parenchymal infiltrates
of either the spinal cord or brain. These results are
comparable to those of other researchers who have
investigated the infiltrating cells in SJL/J mouse
EAE.9.12.14,15,45—47

Our next interest was to phenotypically character-
ize the ICs further with regard to their expression of
CAMs, as it has been shown before that phenotypi-
cally distinct lymphocyte subpopulations defined by



their patterns of “homing receptor” or CAM expres-
sion can migrate in a tissue-specific way.*®

Confirming the data of Zeine and Owens*® most
lymphocytes present in the CNS of mice afflicted with
EAE stained very weakly for CD45RB, a marker that
is highly expressed on virgin T cells, and downregu-
lated on memory or activated effector T cells.32 Fur-
thermore, most lymphocytes stained intensely for
CD44 and LFA-1 (Figure 2) and expressed ICAM-1,
which is characteristic for memory cells.5°

All ICs stained intensely for a4-integrin using the
MAb PS/2 (Figure 2). To date the a4 integrin is known
to form heterodimers either with the g1-integrin chain
(VLA-4) or with the B7-integrin subunit. Only scattered
ICs within the CNS parenchyma expressed B7-
integrin, demonstrated by staining with a variety of
anti-murine B7-integrin MAbs (M310, M298, LS 722,
Fib 22, Figure 2). As no anti-murine B1-integrin MAb
was available to us, we were unable to assess directly
the presence of B1-integrin on the ICs. However,
given the general lack of staining with anti-g7-integrin
MADbs and the additional lack of staining with the MAb
DATK 32, which is an MADb that recognizes B7-integrin
only in context with a4-integrin,3° we would like to
conclude that ICs express the a4B1-integrin het-
erodimer (VLA-4). A few ICs stained with the MAb
M290 directed against murine aE-integrin, which is
known to form a heterodimer with B7-integrin. In serial
sections the localization of aE- and B7-integrin-
expressing ICs was similar, suggesting that these
cells might express the aEB7-integrin heterodimer.
No ICs stained detectably for a6-integrin, expression
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of which has been correlated with the migration of
memory T lymphocytes to inflamed skin.#® None of
the ICs located in the parenchymal infiltrates stained
for L-selectin, although scattered cells stained in-
tensely for L-selectin could be found in meningeal
infiltrates (data not shown).

Expression of CAMs on Endothelium

We investigated the endothelial expression of CAMs
in the spinal cords and brains of diseased animals
during the first stage of inflammation, and compared
them to expression patterns in the CNS of naive syn-
geneic animals.

We initially investigated the expression of endothe-
lial ICAM-1 and VCAM-1. The lack of a suitable re-
agent made it impossible for us to investigate the ex-
pression of E-selectin. Using MAb YN1/17, we
detected constitutive expression of ICAM-1 on large
venules in spinal cords and brains of naive SJL/J mice
(Figure 3). During the first clinical episode of aEAE,
ICAM-1 was upregulated on these venules in spinal
cord and brain tissue, and was additionally induced
on capillaries. The endothelial expression of ICAM-1
was not limited to vessels associated with cellular in-
filtrates, but could be detected throughout the entire
CNS. Surprisingly, the same expression pattern of
endothelial ICAM-1 could be detected in the CNS of
control mice, injected intravenously solely with at-
tenuated B. pertussis organisms. In tEAE, ICAM-1 ex-
pression was upregulated on venules throughout the

Figure 2. Expression of CAMs on inflammatory
cell infiltrate in the spinal cord of an aEAE
mouse (day 24 after immunization). All in-
Sflammatory cells express LFA-1 (MAb FD441.8)
and ad-integrin (MAb PS/2). Only scattered
cells express B 7-integrin (Fib22). @ represents
an isotype-matched control (mAb Hermes-1).
Immunoperoxidase  staining,  bematoxylin-
eosin counterstain; X 240.
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CONTROL EAE

Figure 3. Expression of vascular cell adbesion
molecules in the CNS. Constitutive expression of
ICAM-1 on venules in the brain of a naive SJL/J
mouse (control, ICAM-1). Endothelial ICAM-1
expression is upregulated in the brain of an
aEAE SJL/] mouse on large venules and capil-
laries (EAE, ICAM-1). Note the absence of ICs
surrounding the intensely stained endotbelium.
Constitutive weak expression of VCAM-1 on
large venules in a brain of a naive SJL/] mouse
(control, VCAM-1). Upregulation of endothelial
VCAM-1 on a large venule in an aEAE brain
(EAE, VCAM-1). Immunoperoxidase staining
with YNUV1.7 and MK2.7; bematoxylin-eosin
counterstain; X 120.

TR
VCAM-1

CNS, and was, as in the aEAE model, not limited to
sites of IC infiltrates. In contrast to aEAE, however,
endothelial ICAM-1 could not be detected on MECA-
99+ capillaries of animals with tEAE. This suggests
that endothelial expression of ICAM-1 might be in-
duced by B. pertussis organisms alone.

Using the MAbs MK2.7 and MK1.9, which recog-
nize different epitopes of murine VCAM-1, weak ex-
pression of VCAM-1 could be demonstrated on large
venules in spinal cords and brains of naive SJL/J
mice. In both EAE models, VCAM-1 expression was
upregulated on venules in brains and spinal cords
and like the ICAM-1-expression was not limited to
sites of cellular infiltrates (Figure 3). In contrast to the
above-mentioned upregulation of ICAM-1, B. pertus-
sis organisms alone did not upregulate the expres-
sion of VCAM-1. Endothelial upregulation of ICAM-1
and VCAM-1 was shown to be restricted to the CNS,
as neither molecule was induced or upregulated on
venules in uninvolved tissues such as the heart, thy-
mus, kidney, peripheral lymph node, mesenteric
lymph node, spleen, Peyer’s patches, or liver (data
not shown).

We also investigated the expression of the vascular
addressins, the peripheral lymph node addressin
(PNAd, defined by MAb MECA-79), and the
MAdCAM-1 (defined by MAbs MECA-367 and
MECA-89). We could not detect any endothelial ex-
pression of PNAd or MAACAM-1 in the CNS of SJL/J
mice during their first clinical episode of either aEAE
or tEAE. Another high endothelial venule- (HEV)-
associated antigen, recognized by mAb MECA-325,
could also not be detected on any vessel in either the

spinal cord or brain of diseased animals during the
first inflammatory phase of EAE.

Function of CAMs in Adhesion

In order to investigate the interactions of lymphocytes
with endothelial ICAM-1 and VCAM-1 in brains with
EAE, we performed binding assays on unfixed frozen
sections of brains, using a modified protocol of the
originally described frozen section assay, by Stamper
and Woodruff.#4 Because of the difficulty involved in
removing nonfixed spinal cord tissue of mice in a
manner in which the assay could be performed, only
brain sections were used. The expression patterns of
endothelial CAMs and the time kinetics of their up-
regulation were identical in brains and spinal cords of
EAE-afflicted animals, and, in addition, the brain tis-
sue provided a larger tissue area with more vessels
on which to study lymphocyte adhesion. As a control,
brain sections from naive syngeneic mice were used.

In order to distinguish between a4B1-integrin-
and a4B7-integrin-mediated binding to endothelial
VCAM-1, two cell lines were studied for their ability to
bindto vesselsin EAE brains. The human T lymphoma
cell line Jurkat expresses a4f1-integrin (VLA-4) and
the B2-integrin LFA-1 but no a4B7-integrin and no
CD44. Jurkat cells are known to bind via VLA-4 to
VCAM-1 and fibronectin (T. Yednock, personal com-
munication). Jurkat cells do not bind to ICAM-1 or to
MAdCAM-1 (M. Briskin, personal communication).
The second cell line we tested was the murine T lym-
phoma cell line TK1, which expresses a487-integrin



in addition to LFA-1, but not a4B1-integrin. TK1 cells
bind in vitro via their a487-integrin to MAdCAM-11°
and after activation to VCAM-1 and fibronectin.2*

Adhesion assays were conducted at 4 C to com-
pare the binding via a4B1-integrin and a4B7-integrin.
Jurkat cells bound selectively to venules exposed in
frozen sections of EAE brains, but not to any vessels
in sections of control brains (Figure 4).

Neither pre-incubation of Jurkat cells with anti-
human CD44 (MAb Hermes-1) or with anti-LFA-1 an-
tibody (MAb 6.5E, anti-CD18) nor pre-incubation of
brain sections with anti-ICAM-1 antibody (MAb YN1/
1.7) had any effect on the ability of Jurkat cells to bind
to vessels in EAE brains. In contrast, pre-incubation
of Jurkat cells with anti-a4-integrin antibody (MAb
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HP2/1) completely inhibited their adhesion to vessels
of EAE brains. Similarly, pre-incubation of brain sec-
tions with anti-VCAM-1 antibody (MAb MK 2.7) com-
pletely abolished binding of Jurkat cells to inflamed
cerebral vessels (Figure 4).

TK1 cells also bound selectively to inflamed ves-
sels exposed on sections of EAE brains, but not to
vessels on control brain sections (data not shown).
Pre-incubation of tissue sections with anti-VCAM-1
antibody (MAb MK 2.7) completely inhibited binding
of TK1 cells to inflamed vessels, suggesting endo-
thelial VCAM-1 to be a ligand for TK1 binding. Pre-
incubation with anti-a4-integrin antibody (MAb PS/2)
inhibited binding significantly (Table 1), and anti-B7
MAb Fib 22 and anti-a4B7-integrin MAb DATK 32

Figure 4. Adbesion of Jurkat cells to inflamed
vessels in EAE brain at 4 C. Jurkat cells bind
poorly to the endothbelium of vessels in naive
SJL/] brains (B, bealthy). Selective adbesion of
Jurkat cells to inflamed venules in an EAE
brain (DQ-EAE). Preincubation with MAb
Hermes-1 (anti-buman CD44) bas no effect on
binding of Jurkat cells (not shown). Nearly
complete inbibition of binding of Jurkat cells to
the inflamed endotbelium in EAE brains by
MAb HP2/1 (anti-buman a4-integrin) or by
MAb MK2.7 (anti-murine VCAM-1). MAbs di-
rected against LFA-1 (6.5E) and ICAM-1 (YNI/
1.7) show no effect. Toluidine blue staining;
X 160.
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Table 1. Semiquantitative Summary of Adbesion Assays

Jurkat  TK1 SLN*
(4C) (@4C) @4C) (20

No MAb +t + + +
Isotype control* + + + +
Anti-VCAM-1 - - - +
Anti-a4 - + - *
Anti-ICAM-1 + + + -
Anti-LFA-1 + + + -
Anti-g7 nd - + nd
Anti-a4B7 nd - + nd

* In vivo by CFA injection stimulated lymph node cells.

t+ = adhesion or no inhibition; + = partial inhibition; — =
complete inhibition; nd = not done.

+*MADb used were as follows: isotype control = Hermes-1; anti-
VCAM-1 = MK2.7; anti-a4 = PS/2; anti-ICAM-1 = YNI1/1.7; anti-
LFA-1 = FD441.8/6.5E; anti-B7 = M298; anti-a4B7 = DATK 32.

completely blocked the interaction. Pre-incubation of
cells with anti-LFA-1 antibody (MAb FD 441.8) and
pre-incubation of brain sections with anti-ICAM-1 an-
tibody (MAb YN1/1.7) had no effect on binding of TK1
cells at 4 C. These data suggest that TK1 cells use
adB7-integrin to bind to endothelial VCAM-1 in the
inflamed CNS venules.

We further tested the ability of lymph node cells to
bind to inflamed vessels. Naive lymph node cells did
not bind to vessels in either control or EAE-afflicted
brains. However, lymph node cells isolated by sub-
cutaneous injection of CFA-stimulated lymph nodes
selectively bound to inflamed vessels in EAE brains
but not to vessels exposed in naive SJL/J brains. Ad-
hesion assays were conducted at 4 C and at 20 C.
Stimulated lymph node cells (SLN) selectively bound
to vessels in EAE brains at both temperatures. At 4 C,
binding of lymph node cells could be completely in-
hibited by pre-incubation of cells with antibodies di-
rected against a4-integrin (MAb PS/2, Table 1, Figure
5) or by pre-incubation of brain sections with anti-
VCAM-1 antibody (MAb MK 2.7). Antibodies against
B7-integrin had no effect. Anti-LFA-1 (MAb FD441.8)
and anti-ICAM-1 (MAb YN1/1.7) inhibited their bind-
ing partially (Table 1, Figure 5). Thus, at 4 C SLN could
bind to cerebral vessels via a4B1-integrin with a con-
tribution of LFA-1.

At 20 C, the ability of MAbs directed against either
LFA-1 or ICAM-1 to interfere with binding of SLN to
inflamed cerebral vessels was dramatically changed
(Table 1). At this temperature, antibodies against a4-
integrin (MAb PS/2) or VCAM-1 (MAb MK 2.7) inhib-

Figure 5. Adbesion of stimulated mouse peripheral lymph node cells
to inflamed endothelium in EAE brains at 4 C. Selective adbesion of
lymph node cells to the endothelium in EAE brains (A). Partial inbi-
bition of lymph node cell adbesion to inflamed cerebral vessels with
MAb FD441.8 (anti-LFA-1, B). Pre-incubation of lympb node cells
with MAb PS/2 (anti-murine a4-integrin) completely inbibits binding
(C). Toluidine blue staining; X 300.
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Figure 6. Adbesion of stimulated mouse peripberal lymph node cells to inflamed endothelium in EAE brains at 20 C. Selective adbesion of lymph
node cells to vessels in aFAE brain (). Partial inbibition of binding is achieved by pre-incubation of tissue sections with MAb MK2.7 (anti-murine
VCAM-1) or lymph node cells with PS/2 (anti-a4-integrin). Almost complete inbibition of binding of lymph node cells by pre-incubation of tissue
sections with MAb YN1/1.7 (anti-ICAM-1) or lymph node cells with FD441.8 (anti-LFA-1). Toluidine blue staining; X 160.

ited binding of SLN cells to venules in EAE brains, but or the brain section with anti-ICAM-1 (MAb YN1/1.7)
to a lesser degree than at 4 C (Figure 6). Pre- almost completely abolished binding of SLN to in-
incubation of the SLN with anti-LFA-1 (MAb FD441.8) flamed vessels in the CNS (Figure 6).
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Discussion

Migration through the structurally unique endothelial
BBB represents an essential step in the trafficking of
lymphocytes from the blood into the CNS paren-
chyma during an inflammatory process. The adher-
ence of circulating lymphocytes to cerebral endothe-
lium thereby represents the first step in lymphocyte
extravasation and is mediated at least in part by the
interaction of CAMs expressed on endothelium and
lymphocytes. In order to understand the specific
mechanism of recruitment of lymphocytes into the
CNS during chronic inflammation, we chose to inves-
tigate the expression and function of CAMs during the
first stage of chronic inflammation in EAE in the SJL/J
mouse.

We observed upregulation of endothelial ICAM-1
and to a lesser extent of VCAM-1 in the CNS of SJL/J
mice afflicted with EAE. Expression of ICAM-1 has
been observed on inflamed venules during EAE?8:57;
however, this study demonstrates for the first time the
expression of VCAM-1 on venules in the CNS of mice
afflicted with EAE. We could not demonstrate the
endothelial expression of either the mucosal ad-
dressin MAJCAM-1 nor the peripheral addressin
PNAd. Expression of both addressins have been
demonstrated in other inflammatory situations such
as the inflamed pancreas of the nonobese diabetic
mouse,>2 where expression of PNAd and MAJCAM-1
occurs in parallel with the presence of L-selectin- and
B7-integrin-positive lymphocytes in the pancreatic in-
filtrate. Additionally, ICs in EAE brains did not stain for
L-selectin, which however does not completely rule
out a possible role for L-selectin in the recruitment of
ICs into the CNS, as L-selectin is a rapidly-
downregulated molecule.53

The majority of inflammatory cells within the CNS
parenchyma stained brightly for a4-integrin in both
aEAE and tEAE. Staining for the B7-integrin with a
panel of anti-murine B7 MAbs detected only scattered
cells. This suggests that most of the a4-integrin-
positive inflammatory cells express a4B1-integrin
rather than a4B7-integrin. The additional lack of stain-
ing with the MAb DATK 32, which specifically recog-
nizes B7-integrin in context with a4-integrin, is con-
sistent with this finding. Importantly, we have
observed a similar phenotype of brain ICs by flow
cytometry in a different model of CNS inflammation
induced by focal Corynebacterium parvum injection.
(Engelhardt et al., manuscript in preparation) Since
no MADb directed against the murine 1-subunit was
available to us, we cannot completely exclude the
possibility of an unknown B-chain being paired with
ad-integrin at this time. The relative paucity of cells
bearing a4p7-integrin in the CNS parenchyma, how-

ever, suggests that the subpopulation of lymphocytes
that home to the mucosal associated lymphoid tis-
sues is not recruited significantly to the CNS during
the chronic inflammatory stage. Consistent with this
we could not detect the expression of the a4p7-
integrin ligand MAdCAM-1 in inflamed EAE brains.
Induction of MAACAM-1 expression has been de-
scribed on vessels in the spinal cord of Biozzi mice
during the late stage of relapsing clinical EAE.28 The
difference in mouse strains or the disease model
might explain the discrepancy of these data with our
findings. In accordance with our data, Cannella et al
reported the expression of endothelial MAJCAM-1
only during relapsing stages of the clinical EAE in the
SJL/MJ mouse.®' The lack of MAACAM-1 expression
therefore argues that it plays no role in the initial de-
velopment of the disease.

ICs, staining brightly for a4-integrin, were present
at a time when VCAM-1 was upregulated on endo-
thelium in the CNS of mice suffering from EAE. By
performing adhesion assays on frozen sections of
EAE brains, we could demonstrate that VCAM-1 me-
diated adhesion of mononuclear cells to inflamed
endothelium in EAE brains. Since the activity of B2-
integrins has been reported to be temperature-
sensitive,54-5% the binding assays investigating the in-
teraction of endothelial VCAM-1 with a4-integrin
ligands on mononuclear cells were performed at 4 C.

Jurkat cells expressing a4B1- but no a4p7-integrin
avidly bound to venules on frozen sections of EAE
brains but not to those of control brains. Our functional
studies suggest that the adhesion of Jurkat cells was
mediated by the interaction of endothelial VCAM-1
with a4B1-integrin on the Jurkat cell.

Adhesion assays performed with lymph node cells
derived from inflamed peripheral lymph nodes dem-
onstrated that they bind to VCAM-1 preferentially via
a4B1-integrin rather than a4B7-integrin, as MAbs di-
rected against a4-integrin but not against g7- or
a4p7-integrin-inhibited binding. a4B7-Integrin can
support interactions with VCAM-1 on CNS venules,
however, as the a4B7"9" a4B1- TK1 cells selectively
adhered to vessels in inflamed brains but not to ves-
sels in control brains. Our studies showed that this
interaction involves VCAM-1 and a4B7-integrinat 4 C.
The ability of TK1 cells to bind may reflect the very
high levels of a4B7-integrin, which are greater than
the levels on naive T cells, or may indicate some ac-
tivation of TK1 a4B7-integrin, as a487 binds VCAM-1
preferentially after activation.'®-24 VCAM-1 expressed
on cerebral vessels during EAE can therefore support
adhesion of mononuclear cells by both a481- and
a4p7-integrin. The lack of B7-positive cells in the in-
flammatory infiltrate, as well as our results with lymph



node cells, however, suggest that a4pi-integrin
dominates the interaction with VCAM-1 in EAE.

Both a4B1-integrin and a4p7-integrin have been
shown to mediate cell attachment to the alternatively
spliced domain CS1 of fibronectin, which is a site dis-
tinct from the fibronectin-binding site of VLA-5.5 Our
results do not favor the involvement of fibronectin-
binding activity in adhesion to EAE vessels, as the
a4B1-mediated adhesion of Jurkat cells, the ad4B7-
mediated binding of TK1 cells, and the binding of
lymph node cells was completely inhibited by an MAb
directed against VCAM-1 at 4 C.

In this study we observed a dramatic upregulation
of ICAM-1 on endothelium in the CNS in both aEAE
and tEAE animals, and it was additionally present on
ICs. Our results are consistent with expression pat-
terns found in EAE in the mouse by others who dem-
onstrated the presence of ICAM-1 both on endothe-
lium within lesions and in uninvolved areas in addition
to the expression of ICAM-1 on the ICs.27:28.5" These
studies, however, did not compare the induction of
endothelial ICAM-1 in aEAE versus tEAE. We ob-
served a striking difference of expression of ICAM-1
in the two models. Whereas in tEAE vascular expres-
sion of ICAM-1 was dramatically upregulated on
venules, in aEAE ICAM-1 expression could also be
detected on capillaries throughout the CNS. Since
Lee and Olitzky®” reported that aEAE could be in-
duced in mice with greater efficiency and frequency
when B. pertussis vaccine was added to the immu-
nization protocol, the administration of B. pertussis
organisms has been standard procedure in the mu-
rine EAE models. In our hands, the injection of heat-
inactivated B. pertussis organisms alone was suffi-
cient to induce expression of ICAM-1 on CNS
capillaries, suggesting this to be a possible mecha-
nism by which B. pertussis injection facilitates the de-
velopment of CNS inflammation and thus leads to an
increase in the severity of clinical EAE.

To investigate the functional importance of endo-
thelial ICAM-1, we performed binding assays with
mononuclear cells on frozen sections of EAE brains at
20 C. MAbs directed either against LFA-1 or ICAM-1
showed slightly inhibitory effects already at 4 C. At 20
C however, binding of lymph node cells isolated from
inflamed lymph nodes could be very effectively in-
hibited by either MAb, suggesting that the interaction
of LFA-1 on mononuclear cells with endothelial
ICAM-1 may also play a role in recruitment of lym-
phocytes to the CNS during the first chronic inflam-
matory stage of EAE in the SJL/J mouse.

The first in vivo studies applying MAbs directed
against a4-integrin or ICAM-1, are consistent with
our findings, namely that both VLA-4/VCAM-1 and
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LFA-1/ICAM-1 might play a role in the development
of CNS inflammation during EAE.25-26:27 Pointing out
the importance of certain adhesive pathways, these
previous studies could not rule out the possibility that
the in vivo-applied mAbs actually altered an aspect
of the immune response different from lymphocyte
migration through the BBB in a way that the animals
did not develop EAE. Our results provide further evi-
dence that, indeed, the LFA-1/ICAM-1 and a4-inte-
grinf/VNCAM-1 interaction at the level of the BBB is
critical for the recruitment of inflammatory lympho-
cytes into the CNS and therefore for the development
of EAE.

In conclusion, our results provide evidence that at
least two adhesion pathways mediated via endothe-
lial ICAM-1 and VCAM-1 may support binding of cir-
culating cells to cerebral endothelium via their known
counterreceptors LFA-1 and a4B1-integrin, respec-
tively. The presence of LFA-1 and a4-integrin positive
inflammatory cells in the CNS of diseased animals,
and the demonstrable participation of these path-
ways in endothelial cell adhesion, strongly argue for
a functional role of endothelial ICAM-1 and VCAM-1
for the recruitment of ICs during the first stage of
chronic inflammation in EAE.

Itis unlikely, however, that endothelial expression of
ICAM-1 and VCAM-1 alone controls the recruitment of
ICs to the CNS, since a significant proportion of ves-
sels immunoreactive for ICAM-1 or VCAM-1 was not
associated with an inflammatory cell infiltrate. The ex-
pression of additional endothelial adhesion receptors
or the local presence of specific chemoattractants
might explain our findings.>® Recent models of
leukocyte-endothelial interaction as multistep pro-
cess suggest that the presence or absence of par-
ticular chemokines®® or other lymphocyte-subset-
specific chemoattractants, may be an initial
determinant of lymphocyte-subset recruitment as
well. This could help to explain the relative paucity of
ICs within the CNS parenchyma expressing B7-, aE-
or a6-integrin phenotypes, preferentially associated
with IC in the gut or skin, respectively.30-31.48

As EAE still serves as our best animal model! for
human inflammatory demyelinating diseases of the
CNS such as multiple sclerosis, the understanding of
the functional importance of CAMs expressed in the
CNS during EAE may provide valuable insights for the
design of new treatment strategies that can be ap-
plied to humans.
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